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We characterized the gustatory phenotypes of neonatal mice having null mutations for epidermal growth factor receptor
(egfr2/2), brain-derived neurotrophic factor (bdnf2/2), or both. We counted the number and diameter of fungiform taste buds,
the prevalence of poorly differentiated or missing taste cells, and the incidence of ectopic filiform-like spines, each as a
function of postnatal age and anterior/posterior location. Egfr2/2 mice and bdnf2/2 mice had similar reductions in the total
number of taste buds on the anterior portions of the tongue and palate. Nonetheless, there were significant differences in
their gustatory phenotypes. EGFR deficiency selectively impaired the development of anterior gustatory epithelia in the
mouth. Only bdnf2/2 mice had numerous taste buds missing from the foliate, vallate, and posterior fungiform papillae. Only
egfr2/2 fungiform taste papillae had robust gustatory innervation, markedly reduced cytokeratin 8 expression in taste cells,
and a high incidence of a filiform-like spine. Egfr/bdnf double-null mutant mice had a higher frequency of failed fungiform
taste bud differentiation. In bdnf2/2 mice taste cell development failed because of sparse gustatory innervation. In contrast,
in young egfr2/2 mice the abundance of axons innervating fungiform papillae and the normal numbers of geniculate ganglion
neurons implicate gustatory epithelial defects rather than neural defects. © 2002 Elsevier Science
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specification; TGF-a.INTRODUCTION
Mammalian taste buds develop in scattered patches of
oral epithelia. Unknown molecular events endow these
epithelial cell clusters with gustatory competence (Oakley,
1993b). The intricate regulations known for skin and tooth
development suggest that taste organ development may
also employ multiple molecular signals (Chuong, 2000;
Thesleff, 2000). Taste buds on the mouse tongue develop in
three kinds of gustatory papillae. The posterior portion of
the tongue has three to five laterally situated trenches (the
foliate papillae), as well as a small mound located on the
dorsal midline (the vallate papilla). The vallate papilla’s two
shallow trenches contain more than 100 taste buds by
postnatal day 7 (P7). Interspersed among the thousands of
filiform spines on the anterior two-thirds of the adult
mouse tongue are over 130 spotlike fungiform papillae,
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All rights reserved.each with a solitary taste bud. An adult taste bud consists of
30 or more elongated epithelial cells, several of which make
synaptic connections with gustatory axons. Taste receptor
cells express five cytokeratins not present in neighboring
squamous epithelial cells (cytokeratins 7, 8, 18, 19, and 20)
(Knapp et al., 1995; Zhang et al., 1995; Zhang and Oakley,
1996). Anti-cytokeratin 8 is a useful early marker of taste
cell differentiation in rodents. The elongated cells within
taste buds are strongly immunoreactive; even an individual
receptor cell can be readily detected (Zhang et al., 1995;
Oakley et al., 1998; Zeng and Oakley, 1999).
The glossopharyngeal nerve from the petrosal ganglion
innervates the foliate papillae and the vallate papilla. Both
the chorda tympani nerve from the geniculate ganglion and
the lingual nerve (somatosensory) from the trigeminal gan-
glion innervate the fungiform papillae. The greater superfi-
cial petrosal nerve from the geniculate ganglion innervates
the palate. Such sensory innervation maintains mature
gustatory organs. That is, adult mammalian taste buds are
nerve dependent (reviewed in Ganchrow and Ganchrow,
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32 Sun and Oakley1988; Oakley, 1993a). For example, denervated rat vallate
taste buds totally degenerate and disappear within a week.
A denervated neonatal fungiform papilla not only loses its
taste bud but also generally reverts to a filiform papilla
(Nagato et al., 1995). A partial exception to the need for
innervation to maintain taste buds may be the survival of
some fungiform taste bud remnants in the presence of
minimal innervation in adult rats and hamsters (Whitehead
et al., 1985; Hård af Segerstad et al., 1989; Oakley et al.,
1990, 1993; Barry and Savoy, 1993).
Surgical denervation prevents vallate taste bud develop-
ment in neonatal rats (Hosley et al., 1987a,b). This nerve
dependence of taste bud development has recently been
confirmed using null mutations that eliminate many em-
bryonic gustatory neurons. The expression of brain-derived
neurotrophic factor (BDNF) mRNA in embryonic rat gusta-
tory papillae suggested BDNF might function to support
developing gustatory neurons (Nosrat and Olsen, 1995;
Nosrat et al., 1996, 2000). Null mutation of bdnf, or its
receptor trkB, led to a sparsely innervated, stunted vallate
papilla that contained few taste buds (Nosrat et al., 1997;
Zhang et al., 1997; Oakley et al., 1998; Cooper and Oakley,
1998; Mistretta et al., 1999). The degree of embryonic
denervation accurately predicted both the shortfall of taste
buds and the smaller area of the gustatory epithelium
(Oakley et al., 1998). In the limit, those vallate gustatory
trenches that developed with no innervation had no taste
buds (Zhang et al., 1997; Oakley et al., 1998). Similarly for
the front of the tongue, the null mutation of either the bdnf
gene or the neurotrophin 4 (nt4) gene or the trkB receptor
gene resulted in the loss of many chorda tympani neurons
followed by compromised development of fungiform papil-
lae and taste buds (Nosrat et al., 1997; Fritzsch et al., 1997;
Oakley, 1998; Liebl et al., 1999; Mistretta et al., 1999).
Taste buds also failed to form after b-bungarotoxin killed
embryonic lingual axons (Morris-Wiman et al., 1999) or
after BDNF overexpression in muscle acted to stall gusta-
tory axons before they extended to the epithelium (Ring-
stedt et al., 1999). Further, by reducing the programmed cell
death of prenatal gustatory neurons, bax null mutation
more than doubled the normal number of taste receptor
cells per bud (Zeng et al., 2000). These gain-of-innervation
and loss-of-innervation strategies show that mammalian
taste cell development requires innervation.
Sensory innervation also contributes to the maturation
and persistence of fungiform papillae. However, fungiform
papillae begin to develop before the epithelium is inner-
vated (Farbman and Mbiene, 1991; Mbiene et al., 1997). In
foreshadowing the site and the form of gustatory organs,
epithelial cell interactions must be responsible for the
emergence of fungiform papillae from an epithelial sheet
with nascent filiform spines. Molecules located where they
might contribute to the early development of taste papillae
include bone morphogenetic proteins 2 and 4, Dlx3, sonic
hedgehog, Patched, Gli1, and Fgf8 (Bitgood and McMahon,
1995; Morasso et al., 1995; Hall et al., 1999; Jung et al.,
1999).
© 2002 Elsevier Science. AObservations that the normal development of fungiform
taste papillae requires epidermal growth factor receptor
(EGFR) prompted the present study of EGFR’s role in
gustatory development (Miettinen et al., 1995; Threadgill et
al., 1995). In one of many signaling roles in Drosophila,
epidermal growth factor receptor contributes to the forma-
tion and fate of neuroblasts (Dumstrei et al., 1998; Skeath,
1998). Mammalian EGFR supports epithelial differentiation
and postmitotic neurons (Miettinen et al., 1995; Threadgill
et al., 1995; Kornblum et al., 1998; Sibilia et al., 1998; Xian
and Zhou, 2000). In egfr null mice the flawed development
of epithelia contributes to the flawed development of sev-
eral organs (Miettinen et al., 1995; Sibilia et al., 1995;
Threadgill et al., 1995). The present research used egfr2/2
mice to examine the impact of EGFR-deficiency upon
gustatory epithelial development. Since mammalian taste
buds require gustatory innervation to develop, we sought to
determine whether EGFR acted by supporting gustatory
innervation or by supporting the competence of epithelial
cells to develop into taste organs. We began by more fully
characterizing the reported shortage of fungiform papillae
in neonatal egfr2/2 mice (Miettinen et al., 1995; Threadgill
et al., 1995). We report that EGFR deficiency selectively
impairs the more anterior gustatory epithelia prior to losses
of innervation.
MATERIALS AND METHODS
Mice
The Jackson Laboratory (Bar Harbor, ME) supplied breeding pairs
of adult mice heterozygous for bdnf null mutation (No. 002267) or
homozygous for transforming growth factor alpha (TGF-a) null
mutation (No. 002219). Mice heterozygous for egfr null mutation
were a gift from David Threadgill (Vanderbilt University, Nash-
ville, TN). These egfr2/2 mice on a CD-1 background survived for
about 2 weeks postnatally. We bred egfr and bdnf heterozygous
mice to examine single knockout mice and bdnf2/2/egfr2/2 double
knockout mice. The mouse breeding colony was kept on a 12 h:12
h light:dark cycle and provided with food and water ad libitum.
Animal care and treatment met the standards of the University of
Michigan. Noon following the nocturnal delivery of pups was
considered the middle of postnatal day 0. We used PCR-based
genotyping of mouse tail DNA to identify wild-type mice, and mice
heterozygous and homozygous for mutant bdnf or egfr (Zhang et
al., 1997; Threadgill et al., 1995.)
Tissue Collection and Identification of Taste Cells
For collection of oral tissues, neonatal mice were euthanized
with carbon dioxide gas or an overdose of sodium pentobarbital
[150 mg/kg, intraperitoneally (ip)]. The tongue and palatal tissues
were removed and fixed in acid alcohol (10% acetic acid and 70%
ethanol). Tissue remained immersed in fixative for intervals of 1
day to 6 months. Oral tissue was cryosectioned in a 2:1 mixture of
20% sucrose and the embedding material OCT (Miles, Inc.,
Elkhart, IN). We examined 10 to 30 mm-thick sagittal sections of
the anterior tongue, nasopalatine papilla, and soft palate, and cross
sections of the vallate papilla. Differentiated intragemmal cells
ll rights reserved.
33Anterior Taste Bud Development Requires EGFR(cells within the taste bud) express cytokeratin 8 (CK8), as identi-
fied by the monoclonal antibody Troma-I (Hybridoma Bank, Uni-
versity of Iowa, Iowa City). Appearing within 1 day after terminal
mitosis, CK8 is the earliest known differentiation marker for young
intragemmal cells of mammals (Zhang et al., 1995). In the process
of gustatory differentiation, CK8 expression is associated with taste
cell elongation. All elongated intragemmal cells appear to express
cytokeratin 8.
Immunocytochemistry
To detect CK8-positive taste cells, the mounted tongue sections
were hydrated with four 5-min washes in 0.4% Triton X-100 in 0.1
M phosphate-buffered saline (PBS), pH 7.4. The slides were next
exposed to 3% normal goat serum (NGS; G-6767; Sigma Chemical,
St. Louis, MO) for 30 min, followed by overnight incubation at 4°C
in 140 ng IgG/ml Troma-I in 0.1 M PBS containing 0.4% Triton
X-100 and 3% NGS. Upon rewarming to room temperature for 1 h,
the slides were washed with PBS four times for 6 min each,
followed by a 60-min application of the secondary antibody,
biotinylated goat anti-rat IgG (1:1500 in PBS, 112-065-102; Jackson
Immunoresearch Labs, West Grove, PA). Four additional washes in
PBS preceded both the 30-min application of the Vectastain avidin-
biotin peroxidase complex (PK-4000 ABC kit; Vector Laboratories,
Burlingame, CA) and the 5- to 10-min incubation with a PBS
solution containing 0.5 mg/ml 3.39-diaminobenzidine (DAB;
Sigma), 0.01% hydrogen peroxide, and 0.04% NiCl2 to tint the
reaction product blue.
Nerve fibers were detected with the mouse monoclonal anti-
body, RMO-270, specific for 270-kDa neurofilaments (1:500 of 1 mg
IgG/ml; Zymed Laboratories, South San Francisco, CA, or a gift of
Dr. Virginia Lee, University of Pennsylvania). After 1 h of blocking
with 3% NGS, double staining for taste cells and nerve fibers used
a mixture of 1:60 Troma-I and 1:100 RMO-270 at 4°C overnight.
This was followed by four 5-min washes in PBS and a 60-min
application of a mixture of the secondary antibodies for RMO-270
(1:300 biotin-conjugated goat anti-mouse IgG preabsorbed with rat
serum proteins; B-8774; Sigma) and for Troma-I. The staining was
completed with four additional 5-min washes in PBS, application of
the ABC reagents, four 5-min washes in PBS, followed by 0.5
mg/ml DAB and 0.01% hydrogen peroxide in PBS. Positive controls
included salivary duct cells for Troma-I (cytokeratin 8) and hypo-
glossal motor axons for RMO-270 (neurofilaments).
EGFR was detected with a rabbit polyclonal antibody (1:60–300,
SC-03; Santa Cruz Biotechnology, Santa Cruz, CA). The fresh
frozen, 10 mm-thick cryostat sections on slides were fixed in 4%
paraformaldehyde for 30 min. The sections were exposed to 3%
normal goat serum for 30 min and rinsed in PBS four times at 5 min
each. Sections were treated with anti-EGFR, given four 5-min
rinses in PBS, and exposed to the secondary antibody, biotinylated
goat anti-rabbit IgG (1:200 in PBS, SC-2040; Santa Cruz Biotech-
nology). Four 5-min washes in PBS preceded both the 30-min
application of the Vectastain avidin-biotin peroxidase complex and
the 5- to 10-min incubation with a PBS solution containing 0.5
mg/ml DAB and 0.01% hydrogen peroxide. There was no staining
when anti-EGFR was applied to sections of egfr2/2 tongues. Omis-
sion of the primary antibodies also prevented all staining.
Microscopy and Measurements
Most counts and measurements of gustatory structures were
made on stained, longitudinal (parasagittal) tongue sections. A 30
© 2002 Elsevier Science. Amm-thick section improved detection of weak CK8 expression and
better revealed the extent of innervation, both at some cost in
cellular resolution. We examined dorsal fungiform papillae from
the tip of the tongue (designated as 0 mm) to 4 mm posterior to the
tip. The lingual epithelium that bears fungiform papillae also
curves beneath the tip of the tongue, running for 0.7 mm ventrally.
Hence, a plot of the anterior/posterior axis that runs from 20.7 to
4 mm effectively flattens out the fungiform-bearing epithelium at
the front of the tongue. The anterior/posterior distribution of
fungiform papillae was efficiently characterized by plotting the
total number of fungiform papillae in the ventral gustatory epithe-
lium (20.7–0 mm), and in each of three blocks of the dorsal
gustatory epithelium: 0–1, 1–2, and 2–4 mm. Most taste buds were
ovoid structures whose major diameter had a basal to apical
orientation. Both the major and the minor diameters were mea-
sured in longitudinal sections of wild-type, egfr2/2, and bdnf2/2
fungiform taste buds.
The fluorochrome Sytox Green (S-7020; Molecular Probes, Eu-
gene, OR) was used to stain cell nuclei in 16 mm-thick transverse
cryostat sections of P0 mouse heads. With a Zeiss 1675P confocal
microscope, we examined 4 mm optical slices through the middle of
the P0 geniculate ganglion to determine the relative abundance of
geniculate neurons. Nuclear counts of midganglion optical sections
of identically processed wild-type and egfr2/2 tissues permitted
relative counts of the number of geniculate ganglion neurons.
Neuronal nuclear profiles greater than 1 mm in diameter were
counted manually and corroborated by Image Pro Plus software.
Using a 3100 objective, the density of innervation of individual
fungiform papillae was classified as: no innervation (2), 1–4
fascicles (1), 5–10 fascicles (11), and .10 fascicles (111). Images
in Figs. 1, 2, and 8 were obtained with a Nikon Eclipse E600
microscope, captured by a Spot 2 digital camera (Diagnostic Instru-
ments, Sterling Heights, MI), and rendered similar in brightness
with Adobe PhotoShop.
RESULTS
Qualitative Observations on Neonatal Wild-Type
and egfr2/2 Fungiform Papillae
Parasagittal sections of P0–P10 neonatal mouse tongues
were single stained for cytokeratin 8 (CK8) or double
stained for CK8 and nerve fibers. Wild-type fungiform taste
buds were characteristically well innervated and their elon-
gated intragemmal taste cells strongly expressed CK8 (Figs.
1A and 1B). A normal fungiform taste bud was defined as a
cluster of elongated, strongly CK8-positive cells within a
fungiform papilla. In contrast many egfr2/2 fungiform taste
cells were missing or only weakly CK8 immunopositive.
We identified four categories of fungiform taste cell differ-
entiation in egfr2/2 mice: (i) normal appearing taste buds
indistinguishable from wild-type (e.g., Figs. 1D and 2A); (ii)
a cluster of several cells with weak CK8 immunoreactivity
(Figs. 1E, 1G, 2C, and 2D); (iii) fungiform papillae with only
1-3 taste cells, each of which was characteristically weakly
CK8 positive and polygonal (Figs. 1F and 2F); and (iv)
fungiform papillae that with or without innervation com-
pletely lacked differentiated taste cells, that is, the cells
neither expressed CK8 (Figs. 2H and 2I) nor were elongated.
The defects in egfr2/2 fungiform papillae did not arise from
ll rights reserved.
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34 Sun and Oakleya general deterioration of the lingual epithelium. For ex-
ample, at the tip of the tongue epithelial thickness and the
shape, orientation, and typical 30 mm spacing of filiform
spines were indistinguishable among P5 wild-type and
egfr2/2 mice.
Fungiform Temporal Expression Pattern
Newborn egfr2/2 mice and bdnf2/2 mice had similar
FIG. 1. Longitudinal 30 mm-thick sections of wild-type, egfr2/2 a
arrowheads) and nerve fibers (arrows) in A, B, and D–H. For all image
bud has substantial innervation. (B) A small P7 wild-type fungifo
wild-type fungiform taste bud, located on the ventral side of the
fungiform taste bud is well innervated. (E) A P5 egfr2/2 taste bud ha
egfr2/2 taste bud has 1-3 taste cells, each with little CK8 immuno
oriented, weakly CK8-positive taste cells. (H) This strongly CK8-po
fungiform taste papilla. The innervation is primarily directed towa
(I) This section of a P0 egfr2/2/bdnf2/2 tongue was single stained
evident in the ventral tongue tip. Scale bars are 30 mm.shortfalls of fungiform taste buds (Fig. 3A). The gustatory
© 2002 Elsevier Science. Adefects present at P0 did not disappear with aging, as might
be expected if they were merely a reflection of slow devel-
opment. Throughout the P0–P10 neonatal period, egfr2/2
mice had fewer fungiform taste buds than those of wild-
type mice. Further, P10 egfr2/2 mice had numerous fungi-
form papillae with few or no CK8-positive cells. In spite of
the progressive accumulation of many cells in P5–P10 taste
buds, large egfr2/2 taste buds were often composed entirely
of weakly CK8-immunoreactive taste cells (Figs. 1E and
nf2/2 mouse tongues were double stained for cytokeratin 8 (CK8,
rsal is up. (A) This posteriorly situated P5 wild-type fungiform taste
aste bud is located dorsally at the tip of the tongue. (C) This P0
f the tongue, was single stained for CK8. (D) A large P7 egfr2/2
merous cells that are weakly immunopositive for CK8. (F) This P7
ivity. (G) A P7 egfr2/2 fungiform taste bud has small, horizontally
e taste bud with some misoriented cells is present in a P7 bdnf2/2
e margins of this large fungiform papilla, not toward the taste bud.
K8. Two small clusters of CK8-positive polygonal taste cells arend bd
s do
rm t
tip o
s nu
react
sitiv
rd th2D). Since most cells in P7 and P10 egfr2/2 fungiform taste
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35Anterior Taste Bud Development Requires EGFRbuds were probably more than 1 day old, such cells were not
likely to be weakly CK8 immunoreactive as a result of
being young cells.
Fungiform Spatial Expression Pattern
About 60% of neonatal wild-type fungiform papillae were
located within 1 mm of the tongue tip. This tally includes
FIG. 2. Longitudinal 30 mm-thick sections of egfr2/2 mouse tongu
(arrows). For all images dorsal is up. (A–C) A filiform-like spine (s)
buds (arrowheads) that differ in size and intensity of CK8 immuno
in a taste bud in an innervated P7 fungiform papilla. (E) In this P10
membranes of basal and suprabasal cells of the fungiform papilla
nonspecific staining, which is not associated with the plasma mem
P7 papilla. (G) This P7 fungiform taste bud is oriented horizontally.
papilla lacked CK8-immunoreactive taste cells. Large nerve fascic
fungiform papilla that lacks CK8-positive taste cells. Scale bars arthe fungiform papillae in the 0.7-mm ventral portion of the
© 2002 Elsevier Science. Atip. Taste buds were present in normal numbers in the
posterior portion of the egfr2/2 fungiform field, but were
sparse ventrally at the tip where relatively few taste cells
were strongly CK8 immunopositive or elongated. Ventral
fungiform taste buds were similarly sparse in bdnf2/2 mice.
Taste buds were also sparse in the posterior portion of the
bdnf2/2 fungiform field, unlike those in wild-type or egfr2/2
mice (Fig. 3B; P , 0.005, t tests). In anterior/posterior
ere double stained (except E) for CK8 (arrowheads) and nerve fibers
ociated with multiple fascicles (arrows) supplying fungiform taste
tivity at P7 (A) and P5 (B, C). (D) Weak CK8 expression is present
-type tongue EGFR immunoreactivity is pronounced in the plasma
adjacent epithelium. The intragemmal cells have weak, probably
es. (F) CK8 expression is weak and limited to 1-3 taste cells in this
isible between two prototypical filiform spines, this P7 fungiform
re present below. (I) Some 5–10 fascicles supply the base of a P7
mm.es w
is ass
reac
wild
and
bran
(H) V
les aspatial plots the incidence of fungiform papillae with only
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36 Sun and Oakley1-3 elongated taste cells closely tracked the incidence of
weak CK8 expression in taste cells (data not shown). This
supports a close relationship between the mechanisms that
generate elongated fungiform taste cells and those that lead
to CK8 expression.
Comparisons of Taste Cell Differentiation at Birth
Three egfr/bdnf double knockout mice were recovered;
all were dead at birth. They were estimated to be P0 (n 5 2)
and E17.5 (n 5 1), with the latter tissue too immature for
taste bud development. In P0 egfr2/2/bdnf2/2 mice, egfr2/2
mice, and bdnf2/2 mice about 40–60% of the fungiform
papillae contained zero or only one (weakly) CK8-positive
cell. More than 75% of P0 wild-type fungiform papillae and
30% of P0 egfr2/2 fungiform papillae had strongly CK8-
positive taste buds. P0 egfr2/2/bdnf2/2 mice had a mean of
four fungiform taste buds (3%); these contained only a few
strongly CK8-positive cells (Figs. 1C and 1I). The shortages
of differentiated fungiform taste cells and taste buds at P0
indicate that gustatory embryonic development was abnor-
mal in egfr2/2 mice, in bdnf2/2 mice, and most profoundly
abnormal in egfr2/2/bdnf2/2 mice (Fig. 4).
Quantitative Comparisons of Wild-Type, bdnf2/2,
and egfr2/2 Mice at P7 and P10
Whereas the foliate and vallate gustatory papillae were
FIG. 3. egfr and bdnf null mutations alter the abundance and dis
taste buds (.3 elongated cells) increases with postnatal age. Data po
P10 egfr2/2 mice, and five P7 bdnf2/2 mice. Both egfr2/2 mice and b
wild-type mice at all postnatal ages (P , 0.01, t test). (B) In depic
distance along the tongue’s anterior/posterior axis with the tip fl
grouped by epithelial block and plotted at the midpoint of each of th
surface (from 20.7 to 0.0 mm), followed by the dorsal surface of the
of the fungiform papilla field (2–4 mm). Samples were merged for a
populations. These data were merged to generate the mean ages anseverely depleted of taste buds in P7 bdnf2/2 mice (Oakley
© 2002 Elsevier Science. Aet al., 1998), both of these posterior gustatory papillae were
normal in P7 and P10 egfr2/2 mice (data not shown).
Ninety-six percent of P7 and 100% of P10 wild-type fungi-
tion of fungiform taste buds. (A) The number of mouse fungiform
re the means 6 SD of two mice, except three P7 egfr2/2 mice, three
/2 mice had significantly fewer fungiform taste buds than those of
he distribution of fungiform taste buds, the x-axis represents the
ed out. For each genotype the number of fungiform taste buds is
r blocks. The first epithelial block runs anteriorly along the ventral
.0–1 mm), the mid-dorsal region (1–2 mm), and the posterior region
5, P7, and P10 to provide the best estimate of wild-type and egfr2/2
mber of animals shown in the inset.
FIG. 4. In wild-type mice (n 5 3), egfr2/2 mice (n 5 3), bdnf2/2
mice (n 5 2), and egfr2/2/bdnf2/2 mice (n 5 2), this histogram shows
the percentage of P0 fungiform papillae that had either a normal
taste bud as defined by elongated, strongly CK8-positive cells; or
had a clump of multiple, weakly CK8-positive polygonal cells; or
had only one or no CK8-positive cells in the papilla. Bars for 0-1
weakly CK8-positive taste cells include values for “missing”
fungiform papillae, that is, those that could not be distinguishedtribu
ints a
dnf2
ting t
atten
e fou
tip (0from filiform papillae.
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in contrast to that of about half of P7 bdnf2/2 and of P7 or
P10 egfr2/2 fungiform papillae. Fungiform taste bud diam-
eters in both bdnf2/2 and egfr2/2 mice were significantly
smaller than normal (Fig. 5A; P , 0.005, t tests). This was
true throughout the anterior/posterior extent of the main
fungiform field (P , 0.005, t test), with the notable excep-
tion that egfr2/2 posterior fungiform taste buds were normal
in diameter (Fig. 5B). The great majority of taste buds were
ellipsoidal with the major diameter running from the base
to the surface of the tongue. Equivalent reductions in
diameter were found for the minor diameter (data not
shown).
Overall there were four basic differences between bdnf2/2
and egfr2/2 fungiform taste organs. Posterior fungiform taste
buds, which were normal in size and abundance in egfr2/2
mice, were both small (Fig. 5B) and sparse (Fig. 3B) in
bdnf2/2 mice. Third, unlike the normally strong expression
of CK8 in bdnf2/2 taste cells, egfr2/2 fungiform papillae
often had weakly CK8-positive taste cells. Fourth, egfr2/2
fungiform papillae often expressed a blunt, ectopic,
filiform-like spine (Table 1).
Between postnatal days 3 and 10 a range of 22–24% of
EGFR-deficient fungiform papillae had at least a small
filiform-like outgrowth, an incidence 7- to10-fold greater
than that in wild-type or bdnf2/2 mice (P , 0.001, t test).
The incidence of filiform-like spines was twice as great
toward the tip of P7–P10 egfr2/2 tongues than that toward
the posterior half of the fungiform field, where taste buds
were normal (P , 0.001, t test). Within egfr2/2 fungiform
papillae, the outgrowth of an ectopic spine was associated
FIG. 5. The means 6 SEM of the major diameter of wild-type an
distance from the tip of the tongue (B). (A) Each data point represen
(B) The plots of the spatial distribution of taste bud diameters are
P7 bdnf2/2 mice.with weakly CK8-positive taste cells. Unlike the
© 2002 Elsevier Science. Adenervation-elicited filiform-like spines in rats (Oakley et
al., 1990), the expression of an ectopic filiform-like spine in
egfr2/2 mice was not precluded by the presence of taste cells
(Figs. 2A–2C). For example, in three P10 egfr2/2 mice, more
than 90% of identifiable fungiform papillae with an ectopic
spine also had a taste bud with high (111) or moderate
(11) innervation density. In summary, the gustatory devel-
opmental defects of egfr2/2 mice do not phenocopy those of
bdnf2/2 mice.
Status of Innervation in bdnf and egfr Null Mutant
Mice
Previous studies have linked bdnf2/2 gustatory develop-
mental defects to sparse gustatory innervation of the vallate
papilla (Nosrat et al., 1997; Zhang et al., 1997; Oakley et al.,
1998). In contrast, the egfr2/2 vallate papilla had normal
innervation. P5 egfr2/2 fungiform papillae had multiple
gustatory defects, yet the innervation was indistinguishable
from that of wild-type. Accordingly, we evaluated the
possibility that in egfr2/2 fungiform papillae ample somato-
sensory innervation might have masked an embryonic
depletion of the geniculate gustatory neurons. However,
there was no evidence that EGFR deficiency depleted em-
bryonic geniculate ganglia. P0 wild-type and egfr2/2 genicu-
late ganglia were similar in size (averaging nine transverse
sections at a thickness of 16 mm per section) and their
neurons were similarly abundant. Three P0 egfr2/2 mice had
a mean of 95% as many geniculate neurons as that of three
P0 wild-type mice (Fig. 6).
Since Kornblum et al. (1998) found the forebrain of egfr2/2
fr2/2 taste buds are plotted as a function of postnatal age (A) and
o animals, except three P7 egfr2/2 mice and five P7 bdnf2/2 mice.
ed from two P10 wild-type mice, three P10 egfr2/2 mice, and fived eg
ts tw
derivmice was normal until a postnatal surge of neuron deaths at
ll rights reserved.
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38 Sun and OakleyP6–P8, we tested whether egfr2/2 taste organ innervation
might also have faltered after P5. While P5 egfr2/2 mice had
normal levels of fungiform papilla innervation, by P7 many
egfr2/2 fungiform papillae had fewer axons (Fig. 7A). Some
P7 egfr2/2 fungiform papillae with 0-3 taste cells contained
so few axons there must have been a reduction of somato-
sensory as well as gustatory innervation (Figs. 2H and 7B).
For a given P7 fungiform papilla the level of innervation
failed to predict the level of gustatory differentiation. (Com-
pare the diverse differentiation of P7 egfr2/2 taste buds
within the similarly innervated fungiform papillae of Figs.
2A, 2D, and 2F.) Nonetheless, it appears that mounting
FIG. 6. The blue-green semilunar region above the facial nerve is
mouse (right). Pseudocoloring of these 4 mm optical slices readily d
TABLE 1
bdnf and egfr Null Mutations Differentially Impair Taste Organ D
Postnatal age P7
Normal taste buds 118 6
Weakly CK8-positive buds 0
1-3 CK8-positive taste cells 1
No CK8-positive taste cells 4
Total fungiform papillae 123
Coexpression of taste cells and a filiform-like spine 0
Note. Fungiform gustatory differentiation is compared in wild-ty
(n 5 3)], and bdnf2/2 mice [P7 (n 5 5)]. Entries are means 6 SD.
* P , 0.05, P7 bdnf2/2 vs P7 egfr2/2, Mann–Whitney U tests.on the nerve trunk from the paler, blue-green, circular neuronal nuclei
© 2002 Elsevier Science. Alosses of fungiform axons eventually accentuated the gus-
tatory defects already present in P0–P5 egfr2/2 fungiform
papillae, since the percentage of egfr2/2 fungiform papillae
with impaired taste cell differentiation increased from P7 to
P10 (Table 1).
EGFR-Dependent Development of Anterior Taste
Cell Differentiation in the Mouth
The distinctive anterior/posterior gradient of egfr2/2 lin-
gual gustatory differentiation prompted examination of the
palate, to determine whether there was a generalized
geniculate ganglion of a P0 wild-type mouse (left) and a P0 egfr2/2
guishes the red-yellow, elongated, supporting cell nuclei abundant
opment
ld-type egfr2/2 bdnf2/2
P10 P7 P10 P7
134 6 6 74 6 18 64 6 5 68 6 6
0 22 6 10 28 6 6 1 6 1
0 18 6 7 24 6 12 15 6 5
0 8 6 7 20 6 3 37 6 3
134 122 136 121
0 30 6 6 n.d. 1.3 6 1
ice [P7 (n 5 2) and P10 (n 5 2)], egfr2/2 mice [P7 (n 5 2) and P10
not determined.the
istinevel
Wi
9
pe m
n.d.,in the geniculate ganglion. Scale bars are 30 mm.
ll rights reserved.
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39Anterior Taste Bud Development Requires EGFRanterior/posterior gradient of EGFR-dependent taste bud
development in the oral cavity. In the posterior gustatory
areas of both the palate (soft palate) and tongue (foliate and
vallate papillae), egfr2/2 taste buds were abundant and
indistinguishable from normal (Figs. 8D and 8E). In con-
trast, the anteriorly situated nasopalatine papilla contained
no taste buds in P7 egfr2/2 mice (Fig. 8A). Similarly, the
nasopalate of P0 double knockout mice lacked taste buds,
containing instead only a few weakly CK8-positive, polygo-
nal taste cells, in contrast to multiple taste buds in P0
wild-type nasopalate (Figs. 8B and 8C). At P7 the abundance
of nasopalate taste buds was reduced from a mean of 34 in
wild-type to 9 in bdnf2/2 mice (Cooper and Oakley, 1998).
Strongly CK8-positive Merkel cells in both wild-type and
egfr2/2 nasopalate and soft palate served as positive
immuno-controls (data not shown). As compiled from the
present and earlier investigations (Cooper and Oakley,
1998; Oakley et al., 1998), Fig. 9 summarizes the anterior
location of EGFR dependent taste buds.
EGFR and the Ligand TGF-a
To evaluate whether EGFR was expressed at gustatory
sites, we used an EGFR-specific antibody (specificity con-
trol: the EGFR antibody did not stain egfr2/2 tongue sec-
tions). P0–P10 EGFR immunoreactivity in the basal and
deeper suprabasal layers was present not only within the
fungiform gustatory epithelium but also throughout much
of wild-type ordinary lingual epithelium (Fig. 2E). Similar
staining was present in the vallate papilla. Intragemmal
FIG. 7. Taste cell differentiation and the level of innervation of fu
Papilla innervation density was specified as follows: ,10 fascicles (1
(2). (A) The levels of innervation in a representative sample of 50%
egfr2/2 (n 5 2 mice), P7 wild-type (n 5 1 mouse), and P7 egfr2/2 (n 5
cells is presented for P5 and P7 wild-type (n 5 2) and egfr2/2 micecells of fungiform and vallate taste buds were less intensely
© 2002 Elsevier Science. Astained than ordinary basal cells. As early as E16, EGFR
expression was widespread in rat lingual basal cells
(McLaughlin, 2000). We observed no anterior/posterior gra-
dient of EGFR expression in the fungiform field. Even at
high antibody concentrations there was no EGFR immuno-
reactivity in axonal fascicles or endings innervating wild-
type fungiform or vallate taste buds.
TGF-a is one of several ligands that might interact with
EGFR in the development of anterior taste buds. However,
TGF-a null mutant mice had normal fungiform taste buds
(Table 2). Either TGF-a does not act as a ligand for taste-
associated EGFR or redundant EGFR ligands compensated
for the TGF-a deficiency.
DISCUSSION
Comparison of egfr2/2 and bdnf2/2 Gustatory
Phenotypes
Bdnf null mutation prevents the developmental emer-
gence of the majority of taste buds within the mouth. In
contrast to such widespread gustatory defects in bdnf2/2
mice, egfr2/2 mice had normal posterior gustatory organs.
Further, egfr2/2 fungiform papillae displayed three types of
misregulation not associated with bdnf2/2 fungiform papil-
lae. First, cytokeratin 8 expression was weak in numerous
egfr2/2 fungiform taste cells, whereas it was strong in
virtually all bdnf2/2 taste cells that developed. Second,
ectopic spine outgrowth from fungiform papillae was more
common in egfr2/2 mice. Third, in contrast to bdnf2/2 mice,
rm papillae were evaluated by double staining for axons and CK8.
), 5–10 fascicles (11), 1–4 fascicles (1), and no innervation detected
ll fungiform papillae are shown for: P5 wild-type (n 5 1 mouse), P5
ce). (B) The level of innervation in fungiform papillae with 0-3 taste
4).ngifo
11
of a
2 mithe presence of innervated taste buds in egfr2/2 fungiform
ll rights reserved.
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40 Sun and Oakleypapillae did not preclude spine expression. These pheno-
typic differences in conjunction with augmented gustatory
defects with egfr/bdnf double-null mutation (evident in
both fungiform and nasopalatine papillae) collectively sug-
FIG. 8. Examples of nasopalate and soft palate taste cells. CK8 st
displays the most intensely stained taste cells in this nasopalatin
knockout mouse. CK8 staining in the soft palate taste buds of: (D)
FIG. 9. Taste bud shortfalls in P7 egfr2/2 mice (filled symbols) and
in P7 bdnf2/2 mice (open symbols) are presented for the nasopala-
tine papilla, for the soft palate, and for the fungiform, foliate, and
vallate papillae on the mouse tongue. Counts of normal taste buds
were obtained from 10 to 30 mm-thick, Troma-I stained, tissue
sections.
© 2002 Elsevier Science. Agest that bdnf and egfr null mutations interfered with
different components controlling gustatory development.
EGFR and Gustatory Organ Development
EGFR has multiple developmental roles in Drosophila
and vertebrates. EGFR signaling may modulate the set of
secreted factors mediating anterior neural induction in
vertebrates (Gamse and Sive, 2000). EGFR is also required
for anterior taste bud development (present research). EGFR
controls the formation and fate of Drosophila neuroblasts
(Skeath, 1998). Is a gustatory receptor cell precursor a type
of neuroblast committed to a gustatory fate? Taste receptor
cells function like neurons, structurally braced by an epi-
thelial cytoskeleton. As cellular constituents of simple
g in the nasopalatine papilla of: (A) P7 egfr2/2 mouse (this section
pilla), (B) P7 wild-type mouse, and (C) P0 egfr2/2/bdnf2/2 double
egfr2/2 mouse, and (E) P10 wild-type mouse. Scale bars are 30 mm.
TABLE 2
TGFa Null Mutation Has No Effect on the Abundance
of Fungiform Taste Buds
Distance from tip of tongue Wild-type TGFa2/2
20.7–1 mm (includes the ventral 0.7 mm) 58 6 15 59 6 18
1–2 mm 20 6 5 20 6 5
2–4 mm 18 6 5 21 6 5
Note. The number of fungiform taste buds unilaterally is given
for P7 wild-type mice and for P7 TGFa2/2 mice (mean 6 SD, fouraininmice per entry).
ll rights reserved.
41Anterior Taste Bud Development Requires EGFRepithelium, intragemmal cells express cytokeratins 7, 8, 18,
19, and 20 (Knapp et al., 1995; Zhang and Oakley, 1996). As
neuronal cells, intragemmal cells express neuron-specific
enolase, neural cell adhesion molecule, are electrically
excitable, release and respond to neurotransmitters, and use
a death pathway similar to that of sympathetic neurons
(Roper, 1989; Chaudhari et al., 2000; Zeng et al., 2000).
Hence, a role for EGFR in mammalian taste cell fate
parallels roles for EGFR in anterior neural induction and
neuroblast fate.
Deficient Support for Gustatory Neurons Underlies
the bdnf2/2 Gustatory Phenotype
Recent observations on the gain and loss of embryonic
gustatory innervation (cited in Zeng et al., 2000), support
the traditional concept that innervation induces the forma-
tion of mammalian taste buds (Hosley et al., 1987a,b).
Sparse gustatory innervation during embryogensis impairs
vallate taste organ development in bdnf2/2 mice (Oakley et
al., 1998). Whether produced by other induced mutations or
by a neurotoxin, peripheral gustatory denervation causes
defects that phenocopy those of bdnf2/2 mice (Liebl et al.,
1999; Morris-Wiman et al., 1999; Ringstedt et al., 1999). For
example, null mutation of the TrkB receptor for BDNF led
to the loss of most geniculate ganglion neurons and a
bdnf2/2-like gustatory phenotype (Fritzsch et al., 1997). Are
gustatory neuronal losses also responsible for the egfr2/2
gustatory phenotype?
Epithelial Defects May Underlie the egfr2/2
Gustatory Phenotype
Either dysfunctional target tissue or dysfunctional nerves
are responsible for gustatory organ defects in egfr2/2 mice.
Tissue developmental defects may prevent anterior fungi-
form papillae from responding fully to neural signals that
would normally trigger taste cell differentiation and sup-
press filiform-like spines. Alternatively, egfr2/2 gustatory
epithelia may receive inadequate signals from depleted or
defective axons. Examinations of the tongue and geniculate
ganglion provided no indication that prenatal egfr2/2 mice
had depleted gustatory innervation. Not only were genicu-
late neurons present in normal numbers at P0, but as late as
P5 the innervation of egfr2/2 fungiform papillae was indis-
tinguishable from normal. If perinatal neural defects played
a significant role in the P0–P5 egfr2/2 gustatory phenotype,
the defects were well hidden, were restricted to an anterior
subset of gustatory axons, and led to additional phenotypic
features not mimicked by other modes of denervation. By
P7 lingual sensory innervation underwent some degenera-
tion, as did egfr2/2 forebrain neurons (Threadgill et al., 1995;
Kornblum et al., 1998; Sibilia et al., 1998). Such late-
occurring neural defects may reflect a postnatal role of
EGFR in sustaining gustatory innervation. The spatial ex-
tent and the postnatal time course of diminished peripheral
innervation and the causes of peripheral and central neuro-
© 2002 Elsevier Science. Anal deaths are subjects for future investigations of egfr null
mutant mice. Although early cryptic neuronal defects can-
not be excluded, the normal abundance of lingual innerva-
tion coupled with the substantial differences in egfr2/2 and
bdnf2/2 gustatory phenotypes argue against denervation as
the primary cause of P0–P5 egfr2/2 gustatory defects.
In normal rats, gustatory innervation shifts the fate of the
developing fungiform papillae toward a taste bud and away
from a filiform spine that is the default condition in the
absence of sensory innervation (Oakley, 1993a). But the
innervation of egfr2/2 fungiform papillae frequently failed to
suppress spine formation. Given that the egfr2/2 fungiform
papillae also had low CK8 expression and a reduced abun-
dance of taste cells, it is likely that EGFR deficiency altered
the capacity of the anterior gustatory epithelia to respond
fully to innervation. The expression of EGFR in wild-type
lingual epithelium and its absence in axons (present obser-
vations and McLaughlin, 2000) add support to the view that
the primary defect underlying the P0–P5 egfr2/2 gustatory
phenotype was in the gustatory epithelium.
Ligands That Might Mediate the Actions of EGFR
TGF-a is unnecessary for taste organ development or
gustatory neuron survival. TGF-a deficiency did not impair
gustatory development (present results), nor did the addi-
tion of TGF-a to tissue culture improve the survival of
nodose or trigeminal neurons (Chalazonitis et al., 1992).
TGF-a, the most prominent EGFR ligand in the brain, is not
required for brain neuron survival (Luetteke et al., 1993;
Blum, 1998).
Unraveling how EGFR impinges on gustatory organ de-
velopment will require sorting out multiple signaling op-
tions. As the archetype of a superfamily of extracellular
receptors, EGFR controls a myriad of developmental deci-
sions. Multiple ligands and the capacity of EGFR to het-
erodimerize with other erbB receptors contribute to
pleiotrophic outcomes. EGFR’s diverse biological responses
also depend on contextual factors such as cell type and
position (Perrimon and Perkins, 1997; Moghal and Stern-
berg, 1999).
In summary, examination of egfr null mutant mice has
provided evidence that EGFR is required in the develop-
ment of anterior gustatory sites on the tongue and palate.
Egfr2/2 gustatory defects differ markedly from those in-
duced by sparse gustatory innervation in bdnf2/2 mice. In
spite of substantial sensory innervation, EGFR-deficient
anterior gustatory epithelia fail to form taste buds. The
broad diversity of ligand and erbB receptor combinations
allows ample scope for a targeted contribution of EGFR to
the development of anterior gustatory epithelia.
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